Adolescence is a period of heightened vulnerability both to addictive behaviors and drug-induced brain damage. Yet, only limited information exists on the brain mechanisms underlying these adolescent-specific characteristics. Moreover, distinctions in brain correlates between predisposition to drug use and effects of drugs in adolescents are unclear. Using cortical thickness and diffusion tensor image analyses, we found greater and more widespread gray and white matter alterations, particularly affecting the frontostriatal system, in adolescent methamphetamine (MA) users compared with adult users. Among adolescent-specific gray matter alterations related to MA use, smaller cortical thickness in the orbitofrontal cortex was associated with family history of drug use. Our findings highlight that the adolescent brain, which undergoes active myelination and maturation, is more vulnerable to MA-related alterations than the adult brain. Furthermore, MA-use-related executive dysfunction was greater in adolescent MA users than in adult users. These findings may provide explanation for the severe behavioral complications and relapses that are common in adolescent-onset drug addiction. Additionally, these results may provide insights into distinguishing the neural mechanisms that underlie the predisposition to drug addiction from effects of drugs in adolescents.
INTRODUCTION
Adolescence is a critical period of brain development as the brain undergoes dynamic synaptic reorganization and myelination. 1 Thus, environmental insults during adolescence can derail typical brain development and increase the risk of irreversible damage to the brain. 1, 2 Methamphetamine (MA) is a highly addictive stimulant, and chronic use of MA may produce persistent neuronal damage, which can be reflected in both micro-and macrostructural changes occurring in multiple brain regions. 3, 4 Neuroimaging studies in adult MA users have reported that chronic MA use selectively changes the prefrontotemporal areas and frontostriatal pathways, [5] [6] [7] [8] where smaller cortical thickness, reduced white matter connectivity and lower levels of the neuronal viability marker N-acetylaspartate have been observed. 4, 5, [9] [10] [11] [12] Intriguingly, these brain regions, whose functions are associated with inhibitory control and preference for delayed gratification, overlap with the regions where active maturation continues throughout adolescence. 13 Thus, if MA exposure in adolescence changes these brain regions, adolescents may be at a greater risk of relapse and intractable MA addiction compared with adults.
Although the developing brain often shows greater neuroplasticity to environmental stimuli, 2 it is unknown whether the adolescent brain shows resilience or suffers from MA exposurerelated alterations. It is also not known whether inherent regional alterations of the brain predispose adolescents to illicit drug use. Although the annual prevalence of MA use has decreased over the past 10 years in the United States, 14 a recent report from the United Nations Office on Drugs and Crime has indicated that the use of amphetamine-type stimulants, including MA, continues to increase in most countries in Asia and remains a major health concern worldwide. 15 Therefore, it is important to understand the brain-based mechanisms underlying adolescent MA use.
In the present study, we sought to identify the adolescentspecific attributes of gray and white matter alterations associated with chronic MA use, using cortical thickness and diffusion tensor image analyses. We also examined whether lifetime cumulative dose of MA or onset age of MA use was associated with these adolescent-specific alterations. To distinguish between the brain correlates of predisposition toward adolescent-onset addictive behaviors and the brain alterations induced by long-term exposure to MA, we studied both adolescent and adult MA users and control participants, half of whom had high familial risk for drug dependence.
MATERIALS AND METHODS Participants
We studied 111 adolescents (MA users, n = 51; controls, n = 60) and 114 adults (MA users, n = 54; controls, n = 60). Detailed information on family history (FH) of alcohol or drug use was obtained from the participants and their biological relatives (authorized legal representatives in the case of adolescent participants) using screening questionnaires that included introductory and symptom-definition questions, which were made by modifying the Family History Screen, 16 and history taking. Family pedigrees including firstand second-degree relatives were also collected. Alcohol or drug use problems in firstand second-degree relatives were recorded, and more detailed history taking of parental alcohol or drug use was performed to define positive FH (FH+) participants. The definition of FH+ required having (i) at least one parent who had alcohol or drug dependence and (ii) one or more firstor second-degree relatives with alcohol or drug abuse. In the adolescent groups, 25 MA users and 30 controls had FH+ for drug use, whereas 26 MA users and 30 controls had no FH (FH − ). In the adult groups, 27 MA users and 30 controls were FH+, and 27 MA users and 30 controls were FH − .
All participants were enrolled in South Korea and were of East Asian ethnicity. Detailed demographic and clinical characteristics of the participants are presented in Table 1 and Supplementary Methods.
All participants and their parents or authorized legal representatives, if participants were o 19 years old, provided written informed consent to participate in the study. Assent from adolescent participants were also obtained in addition to parental consent. This study was approved by the Institutional Review Boards of Ewha Womans University, the Catholic University of Korea College of Medicine, Seoul National University Hospital and the University of Utah.
Clinical assessments
An experienced psychiatrist performed a diagnostic evaluation of addictive behaviors and obtained a detailed history of drug use. In addition, core clinical symptoms of drug addiction including craving and withdrawal were evaluated using a visual analog scale and the Amphetamine Withdrawal Questionnaire, 17 respectively. The multidimensional aspects of craving were also assessed using the Amphetamine Craving Questionnaire. 18 Stroop interference, which is considered as a general measure of focused attention, 19 inhibitory control 20 or cognitive flexibility, 21 was also assessed using the Color-Word Stroop task. 22 Information regarding weekly alcohol consumption was also obtained. Detailed information on the scales used in the current study is presented in the Supplementary Methods.
Cognitive assessments
Neuropsychological tests were administered to assess the participants' cognitive performance. Each test was classified into the specific cognitive domains according to the criteria suggested by the previous meta-analysis on neurocognitive effects of MA use. 23 We assessed cognitive performance in the domains including executive function, memory, learning, verbal fluency, working memory, information processing speed and motor skill. Information on neuropsychological tests for each of the seven cognitive domains is described in the Supplementary Methods and Supplementary  Table 1 .
Brain imaging
High-resolution T1-weighted and diffusion tensor brain magnetic resonance images were acquired using a 1.5-T whole-body imaging system (Signa HDx; GE Healthcare, Milwaukee, WI, USA). Cortical thickness and fractional anisotropy (FA), which reflect the cortical cytoarchitecture and the integrity of white matter fiber tracts, respectively, were the main outcome variables for the assessment of gray and white matter alterations. Detailed information on acquisition parameters and imaging analyses is presented in the Supplementary Methods.
Statistical analyses
Group differences in demographic and clinical characteristics were examined using independent t-tests, χ 2 tests or Fisher exact tests.
Global mean thickness, which was calculated by averaging thickness values over all vertices of the entire cerebrum, was extracted for the measurement of alterations in gray matter cortical thickness. For the comparisons of mean thickness in atlas-based parcellated regions (Supplementary Figure 1 ), the average thickness over all vertices within each parcellated region was calculated. Global mean FA across the whole white matter skeleton was extracted for the measurement of microstructural alterations within the entire cerebral white matter. For the comparisons of mean FA values in tract-based anatomical regions (Supplementary Figure  1) , FA values of association tracts were extracted from each individual's FA skeleton map. All values of mean cortical thickness and FA were adjusted for age.
To examine whether and where the effects of MA use were greater in adolescents than in adults, standardized Z-scores for average thickness values of parcellated regions and those for the mean FA values across tract-based anatomical regions were compared between the adolescent and adult MA user groups. Using the group means and s.d.'s of adolescent and adult FH − control groups as the reference values, average thickness or FA values were converted into standardized Z-scores. A negative Z-score indicated that age-adjusted average thickness or FA values were below the mean of the corresponding FH − control group in s.d. units. Independent t-tests were used to compare the Z-scores of thickness or FA between groups. Gray and white matter regions, where the effects of MA use were greater in adolescents than in adults, were chosen as the regions of interest (ROIs) for further analyses.
Age-and educational-level-adjusted neuropsychological test scores were converted to standardized Z-scores using the group means and s.d.'s of adolescent and adult FH − control groups as the reference values. Standardized Z-scores for the individual tests in each cognitive domain were then averaged to yield a single composite score that reflected cognitive performance. If necessary, test scores were reversed so that positive standardized Z-scores would indicate better performance. Standardized Z-scores for cognitive domains were compared between the adolescent and adult MA groups using independent t-tests.
The relationships between cortical thickness/FA values of each ROI and MA-use-related executive dysfunction were examined using Pearson's correlation analyses.
We also conducted Pearson's correlation analyses between standardized Z-scores for global mean thickness/mean thickness values of each ROI and lifetime cumulative dose of MA or onset age. Similar analyses were conducted for global or ROI mean FA value Z-scores. Bonferroni corrections were used for determining significances of correlation analyses between the multiple ROI data set and clinical measures. P-values for these correlation analyses were Bonferroni-adjusted.
To assess the impact of FH on adolescent-specific brain alterations related to MA use, we also examined a three-way interaction between FH, MA use and age group in ROI mean thickness or FA values using analysis of variance model. The model included main effects, all possible two-way interactions, and a three-way interaction.
Mediation analysis 24 was performed to test the hypothesis that thickness alterations in the region of a significant three-way interaction between FH, MA use and age group might have influenced lifetime cumulative dose of MA through core clinical symptoms of addiction.
Detailed information on supplementary vertex-and voxel-wise analyses of thickness and FA values and mediation analysis is presented in the Supplementary Methods.
Two-tailed significance of Po0.05 was considered as statistically significant. Data were analyzed using the Stata SE, v.11.0 (Stata Corp, College Station, TX, USA).
RESULTS
Adolescent-specific brain alterations related to MA use Adolescent-specific gray matter alterations related to MA use. Standardized Z-scores reflecting cortical thickness differences between MA users and FH − controls were greater in adolescents than in adults in the orbitofrontal cortex (OFC) (t = 2.46, P = 0.02), precuneus (t = 2.72, P = 0.008) and inferior parietal cortex (IPC) (t = 3.16, P = 0.002) ( Figure 1a and see Supplementary Figure 1 for anatomical locations). These regions where adolescent MA users had greater thickness differences than adult MA users (the OFC, precuneus and IPC) were chosen as the gray matter ROIs for further analyses. Vertex-wise group differences in cortical thickness between the MA user groups and the corresponding FH − control groups are presented as Supplementary Results ( Supplementary Figure 2 and Supplementary Table 2 ). In brief, smaller cortical thickness in the temporolimbic regions was shown in both the adolescent and adult MA user groups than in the corresponding FH − control groups, whereas MA-use-related thickness differences in the prefrontal, parietal and precuneus regions were predominantly found in adolescent MA users. There was no difference in standardized Z-score for global mean thickness between the adolescent and adult MA user groups (t = 1.39, P = 0.17) ( Figure 1a ).
Adolescent-specific white matter alterations related to MA use.
Standardized Z-scores of FA differences between MA users and FH − controls were greater in adolescents than in adults in the Weekly alcohol consumptionstandard drinks A lower score means less susceptibility to interference thus higher task performance. b Duration was calculated by summing up the time when MA was used more frequently than weekly. c None of MA users had a history of lifetime and current cannabis dependence or abuse. d MA users had a past history of alcohol abuse but did not have a current one. e Subjective craving for MA was measured using a visual analog scale that ranges from 0 to 10. f A modified version of the Cocaine Craving Questionnaire, which substitutes the word 'MA' for 'cocaine,' was used. Figure 1 . Adolescent-specific gray and white matter alterations and cognitive dysfunction related to methamphetamine (MA) use. (a) The bar graph presents standardized Z-scores for global mean thickness in adolescent and adult MA users. The polar plot presents standardized Z-scores for bilateral mean thickness of predefined atlas-based parcellated regions in adolescent and adult MA users. A negative standardized Z-score indicates that the age-adjusted mean thickness was smaller in the MA user groups than in the corresponding FH − (family history) control groups in an s.d. unit. Significant differences in standardized Z-scores between the adolescent and adult MA user groups were found in the orbitofrontal cortex (OFC) (t = 2.46, P = 0.02), precuneus (t = 2.72, P = 0.008) and inferior parietal cortex (IPC) (t = 3.16, P = 0.002). (b) The bar graph presents standardized Z-scores for global mean fractional anisotropy (FA) values in adolescent and adult MA users. The polar plot presents standardized Z-scores for bilateral mean FA values of predefined tract-based anatomical regions in adolescent and adult MA users. A negative standardized Z-score indicates that the age-adjusted mean FA value was smaller in the MA user groups than in the corresponding FH − control groups in an s.d. unit. Significant differences in standardized Z-scores between the adolescent and adult MA user groups were found in the prefrontal cortex (PFC)-striatum tract (t = 2.44, P = 0.02), OFC-nucleus accumbens (NA) tract (t = 2.82, P = 0.006) and the body of the corpus callosum (t = 2.19, P = 0.03). (c) The bar graph presents standardized Z-scores for global cognitive function in adolescent and adult MA users. The radar plot presents standardized Z-scores for the performance in each cognitive domain in adolescent and adult MA users. A negative standardized Z-score indicates that the age-and educational-level-adjusted composite score was smaller in the MA user groups than in the corresponding FH − control groups in a SD unit. Significant differences in standardized Z-scores between the adolescent and adult MA user groups were found in the cognitive domain of executive function (t = 2.69, P = 0.008). Error bars represent errors. *P o0.05 and **Po 0.01. Abbreviations for the atlas-based parcellated gray matter regions and tract-based anatomical regions of white matter are provided in Supplementary Figure 1 .
corticostriatal tracts connecting the prefrontal cortex and striatum (PFC-striatum tract, t = 2.44, P = 0.02) and the OFC and nucleus accumbens (OFC-NA tract, t = 2.82, P = 0.006), and in the body of the corpus callosum (t = 2.19, P = 0.03) (Figure 1b and see Supplementary Figure 1 for anatomical locations). The PFC-striatum tract, OFC-NA tract and the body of the corpus callosum, the regions that showed greater FA differences in adolescent MA users than in adult MA users, were chosen as the white matter ROIs for further analyses. Voxel-wise group comparisons of FA values between the MA user groups and corresponding FH − control groups are provided in Supplementary Results ( Supplementary Figure 3 and Supplementary Table 3 ). In short, both the adolescent and adult MA user groups showed smaller FA values in the prefrontolimbic tracts, superior and inferior longitudinal fasciculi, tract connecting the motor cortex and striatum and corpus callosum, in comparison with the corresponding FH − control groups. Meanwhile, FA alterations related to MA use in the prefrontostriatal tracts were predominantly found in adolescent MA users. The magnitude of differences in global mean FA values between MA users and FH − controls was greater in adolescents than in adults (t = 2.58, P = 0.01) (Figure 1b) . Results from other diffusion indices such as mean diffusivity, radial diffusivity and axial diffusivity were consistent with the FA outcomes ( Supplementary Result 1) .
To ensure the robustness of the current results, we repeated all analyses including potential confounding factors such as smoking history, the route of MA administration or alcohol drinking as additional covariates. The results remained unchanged after adjusting for these potential confounding factors (Supplementary Result 2).
Adolescent-specific cognitive dysfunction related to MA use. Standardized Z-scores of cognitive performance differences in executive function between MA users and FH − controls were greater in adolescents than in adults (t = 2.69, P = 0.008), whereas the magnitude of cognitive dysfunctions in other domains was similar between adolescent and adult MA users (memory, t = 1.28, P = 0.20; learning, t = 1.22, P = 0.23; verbal fluency, t = 0.56, P = 0.58; working memory, t = − 0.50, P = 0.62; information processing speed, t = − 0.30, P = 0.76; motor skill, t = 0.39, P = 0.70) ( Figure 1c ). There was no difference in standardized Z-scores for global cognitive function between adolescent and adult MA users (t = 1.40, P = 0.17) ( Figure 1c ).
Relationships between executive function and adolescent-specific brain alterations
Greater differences in global mean thickness (r = 0.44, P = 0.002) and FA values (r = 0.34, P = 0.02) were associated with MA userelated lower performance on executive function in adolescent MA users. These relationships were not significant in adult MA users (global mean thickness, r = 0.25, P = 0.07; global mean FA values, r = 0.03, P = 0.85).
Greater thickness differences of the OFC (r = 0.41, P = 0.01), precuneus (r = 0.37, P = 0.03) and IPC (r = 0.43, P = 0.006) were associated with lower performance on executive function in adolescent MA users. Standardized Z-scores for mean FA values of the white matter ROIs were not associated with lower performance on executive function (OFC-NA, r = 0.29, P = 0.14; PFCstriatum, r = 0.25, P = 0.28; the body of the corpus callosum, r = 0.15, P = 0.90).
Clinical correlates of adolescent-specific brain alterations related to MA use Relationships with lifetime cumulative dose of MA. Lifetime cumulative dose of MA was negatively associated with standardized Z-scores for global mean thickness in adolescent MA users (r = − 0.47, P = 0.001) and adult MA users (r = − 0.32, P = 0.02), and to a greater degree in adolescent users relative to adults users (P-value for interaction = 0.01) ( Supplementary Figure 4) .
In adolescent MA users, greater lifetime cumulative dose of MA was associated with greater thickness differences of the precuneus (r = − 0.41, P = 0.009) and IPC (r = − 0.36, P = 0.03). The relationship between standardized Z-scores for mean thickness of the OFC (r = − 0.32, P = 0.07) and lifetime cumulative dose of MA did not reach statistical significance (Figure 2) .
Lifetime cumulative dose of MA was not associated with standardized Z-scores for global mean FA values in adolescent MA users (r = − 0.26, P = 0.08) or in adult MA users (r = 0.16, P = 0.27). In adolescent MA users, lifetime cumulative dose of MA was not associated with standardized Z-scores for mean FA values of these regions (PFC-striatum, r = − 0.14, P = 1.00; OFC-NA, r = − 0.14, P = 1.00; the body of the corpus callosum, r = − 0.23, P = 0.34).
Relationships with onset age of MA use. Onset age of MA use was not associated with standardized Z-scores for global mean thickness both in adolescent (r = 0.18, P = 0.21) and in adult MA users (r = 0.10, P = 0.49). In adolescent MA users, onset age of MA use was not associated with standardized Z-scores for mean thickness of the OFC (r = 0.24, P = 0.31), precuneus (r = − 0.10, P = 1.00) and IPC (r = 0.06, P = 1.00).
Onset age of MA use was not associated with standardized Z-scores for global mean FA values both in adolescent (r = 0.22, P = 0.13) and adult MA users (r = 0.02, P = 0.91). In adolescent MA users, earlier onset age of MA use was not associated with greater FA differences in the PFC-striatum (r = 0.34, P = 0.06), OFC-NA (r = 0.30, P = 0.12) tracts or the body of the corpus callosum (r = 0.17, P = 0.72).
Repeated correlation analyses including potential confounding factors such as smoking history, the route of MA administration or alcohol drinking as additional covariates yielded results similar to the main findings ( Supplementary Result 2) .
Contribution of FH to adolescent-specific brain alterations related to MA use A three-way interaction between FH, MA use and age group was significant in the OFC (F = 4.38, P = 0.04) but not in the precuneus (F = 1.86, P = 0.17) and IPC (F = 0.19, P = 0.67) gray matter ROIs. There was no significant three-way interaction between FH, MA use and age group in white matter ROIs (PFC-striatum tract, F = 0.78, P = 0.38; OFC-NA tract, F = 1.35, P = 0.25; the body of the corpus callosum, F = 0.58, P = 0.45).
A three-way interaction in the OFC ROI originated from a trend toward greater interaction between FH and MA use in adolescents (F = 3.09, P = 0.08) than in adults (F = 1.39, P = 0.24). Vertex-wise analysis also indicated a significant three-way interaction in the right OFC cluster at corrected P o0.05 ( Supplementary Figure 5 and Supplementary Table 4 ).
Mediation analysis was conducted based on the assumption that premorbid thickness alterations in the OFC cluster, where a significant three-way interaction among FH, MA use and age group was observed, might have influenced subsequent MA use not only directly but also indirectly via core symptoms of addiction. Structural alterations in the OFC cluster had significant indirect effects on MA intake, through craving symptoms measured using the visual analog scale (percent mediation = 52.0%, indirect effect coefficient = − 61.9, P-value from the bootstrap test = 0.04, 95% confidence interval from the bootstrap test = − 120.2 to − 3.6) ( Figure 3 ). Similar results were found when the total Amphetamine Craving Questionnaire scores were used as a measure for craving symptoms (percent mediation = 49.7%, indirect effect coefficient = − 59.1, P-value from the bootstrap test = 0.04, 95% confidence interval from the bootstrap test = − 115.3 to − 2.9). Indirect effects mediated by the Stroop interference and withdrawal symptoms were not significant. The relationships between adolescent-specific brain alterations related to MA use and clinical symptoms related to drug use including craving, withdrawal and the Stroop interferences are presented below.
A significant association between standardized Z-scores for thickness of OFC and craving symptoms was found in adolescent MA users (r = − 0.38, P = 0.02). MA-related thickness alterations in the precuneus (r = − 0.48, P = 0.003) and IPC (r = − 0.37, P = 0.03) were associated with Stroop interference. Otherwise, there were no significant associations between standardized scores for thickness of ROIs and clinical symptoms of craving (precuneus, r = − 0.14, P = 1.00; IPC, r = − 0.20, P = 0.53), withdrawal (OFC, r = − 0.32, P = 0.08; precuneus, r = − 0.33, P = 0.06; IPC, r = − 0.24, P = 0.28) and the Stroop interference (OFC, r = − 0.28, P = 0.15) in adolescent MA users.
No significant associations between standardized Z-scores for FA values and clinical symptoms including craving (global mean FA values, r = − 0.23, P = 0.12; PFC-striatum, r = − 0.20, P = 0.55; OFC-NA, r = − 0.18, P = 0.68; the body of the corpus callosum, r = − 0.10, P = 1.00), withdrawal (global mean FA values, r = − 0.07, P = 0.63; PFC-striatum, r = − 0.009, P = 1.00; OFC-NA, r = − 0.10, P = 1.00; the body of the corpus callosum, r = − 0.07, P = 1.00) and the Stroop interference (global mean FA values, r = − 0.19, P = 0.19; PFC-striatum, r = − 0.07, P = 1.00; OFC-NA, r = − 0.28, P = 0.17; the body of the corpus callosum, r = − 0.16, P = 0.86) were found in adolescent MA users.
DISCUSSION
The current study is, to our knowledge, the first to report that the adolescent brain is more susceptible to MA exposure than the adult brain, even with smaller doses and shorter durations of use. Furthermore, the current results suggest that the adolescent-specific brain characteristics are related to a high risk of developing MA dependence.
Global gray matter thickness differences were dosedependently associated with chronic MA use both in adolescent and adult users, and the extent of global thickness reductions was comparable across groups (t = 1.39, P = 0.17). However, as adolescent users tend to use much lower doses of MA in comparison with adult users (t = 5.90, P o0.001), the influences of MA on gray matter may be even greater in adolescents than in adults. A recent animal study using high-resolution imaging has also shown evidence of adolescent-specific brain vulnerability to the effects of repeated stimulant use. 25 Adolescent rodents, in comparison with adult ones, exhibited more pronounced cocaine-induced structural change in the frontal, striatal and insular regions of the brain. 25 Notably, in the OFC, the impact of FH may be larger in adolescence than in adulthood. A significant three-way interaction in the OFC indicated a greater interaction between FH and MA use in adolescents than in adults. As the heritability of problematic substance use is high in adolescence, 26 the premorbid OFC thickness alteration related to FH effects may potentially precede the adolescent onset of MA dependence. It has been shown that premorbid OFC alterations contribute to an increased likelihood of drug use in adolescents. 27, 28 A recent large-scale imaging genetic study of adolescents has also suggested that the reduction of lateral OFC activity may precede drug use. 29 Furthermore, increased gray matter volumes in the OFC may be a protective factor against the development of addiction. 30 In addition, previous human and animal data suggest that the OFC is simultaneously a substrate for enduring alterations induced by psychostimulants. [31] [32] [33] Since the OFC has a role in conditioned reinforcement and craving, 31 OFC dysfunction, regardless of its origin, is likely to be related to continued drug use by adolescents. The current mediation analysis implies that craving symptoms may mediate the association between the extent of OFC alterations and the amount of MA intake. However, readers should be cautious in interpreting indirect effects of the mediation due to modest effect sizes.
The current results provide new insights into the interplay of familial risk for drug use and effects of drug on the adolescent brain. However, causal and temporal relations among these effects are difficult to address in cross-sectional human studies. It will be essential to conduct longitudinal studies with systematic observations to disentangle genetically determined brain predispositions from environmental effects.
MA-use-related FA differences in the prefrontostriatal tracts and the body of the corpus callosum were more pronounced in adolescents than in adults. In these white matter regions, there was no significant three-way interaction between FH, MA use and age group. This may indirectly suggest that the greater MA-useassociated alterations within these areas in adolescents may be related to MA-induced effects rather than FH-related white matter alterations.
A post-mortem study on the human brain has demonstrated that white matter myelination continues during adolescence. 34 Given that there is a critical period of brain development for certain functions, 35 it is possible that MA exposure during adolescence may cause a critical derailment from the normal trajectory of white matter myelination. As regional alterations in the frontostriatal fiber tracts were not affected by MA use in a dose-dependent manner, the developmental stage during which drug exposure occurs appears to have a more significant role in determining magnitude of MA-induced white matter changes. For instance, during adolescence, a potentially timelimited window of active myelination, the developing white matter may show a greater vulnerability to alterations induced by MA exposure.
Substantial maturation of fiber tracts constituting the frontostriatal pathway, which facilitates increased preference for delayed reward, 36 takes place during adolescence. 13 In light of this observation, the current findings have considerable clinical relevance to the clinical course of adolescent-onset drug dependence. Unsuccessful rewiring of the involved white matter regions after MA exposures may contribute to a prolonged inability to inhibit prepotent addictive responses to drugs in the adolescent population. Epidemiological evidence appears to support this speculation, as adolescent-onset drug users may have a higher risk for lifelong drug use as well as a faster transition to dependence than their adult-onset counterparts. 37 There was a significant three-way interaction between FH, MA use and age group in the OFC. Factors that influence this threeway interaction cannot be clearly identified with this crosssectional design. However, while the effect size in adults for the effects of FH on the OFC was small (mean standardized Z-score for thickness of combined adult FH+ controls and FH+ MA users = − 0.08, s.d. = 1.42), the effect size in adolescents for the effects of FH on the OFC (mean standardized Z-score for thickness of combined adolescent FH+ controls and FH+ MA users = − 0.43, s.d. = 1.34) was large and similar to that for the effects of MA use (mean standardized Z-score for thickness of combined adolescent FH − MA users and FH+ MA users = − 0.50, s.d. = 1.20) in adolescents. Future longitudinal studies with a larger sample will be needed to further examine the FH effects on the adolescent brain, which may precede the MA exposure.
There was MA-use-related cognitive dysfunction both in adolescent and adult MA users. This is in line with the findings of a previous meta-analysis. 23 The magnitude of MA-use-related executive dysfunction was greater in adolescent MA users than in adult MA users. Interestingly, MA-use-associated gray and white matter alterations were related to the executive dysfunction in adolescents. However, cognitive dysfunction that may predispose adolescents to use MA from those that may result from MA use will need to be differentiated in future studies. 38 It should be noted that adolescent MA users were more likely to smoke MA rather than inject intravenously as the route of administration, whereas adult users predominantly used intravenous injection. We have repeated all analyses including this potential confounding factor as an additional covariate and obtained results similar to the current findings (Supplementary Result 2). In view of their similar bioavailability and pharmacokinetics, intravenous injection and smoking of MA are likely to exert psychoactive effects at a comparable speed and intensity with high levels of rapid drug delivery to the brain. 39, 40 Previous literature has suggested that tobacco smoking may be associated with structural alterations in gray and white matter. [41] [42] [43] [44] [45] Although individuals in the current sample did not have other comorbid drug dependence, most MA users were current smokers. It would therefore be difficult to examine the independent effects of MA apart from those of tobacco smoking on the brain in this sample. Although results from repeated analyses including smoking history as an additional covariate remained similar ( Supplementary Result 2) , future studies with a larger sample size would be needed to define the shared and independent effects of MA abuse and tobacco smoking on the developing brain.
Although participants of the present study did not have a current diagnosis of alcohol abuse or dependence and the estimated average amount of weekly alcohol consumption was below the World Health Organization criteria for hazardous or harmful drinking, 46 the potential effects of concurrent alcohol use need to be considered in interpreting the data. For example, heavy alcohol use has been reported to be associated with volume loss in the prefrontal and parietal brain regions. [47] [48] [49] Despite the fact that the analysis results with alcohol drinking as an additional covariate were similar to those without in the current study ( Supplementary Result 2) , the potential interactive effects between MA and heavy alcohol use on the developing brain should be investigated in future studies with participants who have both conditions.
The current results were obtained from an ethnically homogeneous population. Considering the large gene-by-environment interactions that are common in addiction, 50 the present results need to be replicated in a larger and more ethnically diverse sample.
Although this is the largest multimodal brain imaging study to examine the relationships between gray and white matter alterations and MA-use-related clinical and cognitive characteristics in both adolescents and adults with MA exposure, the current study has a clear limitation of being a cross-sectional design. Studies with a longitudinal design that examine factors predicting future drug use are likely to provide important information as to the temporal and causal relationship between brain vulnerability and behavioral outcomes associated with MA use in adolescents.
In summary, the current study suggests that the effects of MA on the brain were greater and more widespread in adolescence than in adulthood. This poses even greater problems since the top-down control over risky addictive behavior is less mature in adolescence than in adulthood. The current findings provide a line of neurobiological evidence elucidating the danger of drug use in adolescence even at low doses.
